Physical exercise dampens an individual's stress response and decreases symptoms of anxiety and depression disorders. While the extrinsic relationship of exercise and psychological state is established, their intrinsic relationship is unresolved. We investigated the potential intrinsic relationship of exercise with stress responsiveness using NIH rats bidirectionally selected for intrinsic endurance capacity. Selection resulted in two populations, one with high intrinsic endurance (high capacity runners; HCR) and one with low intrinsic endurance (low capacity runners; LCR). Animals from these populations were subjected to the elevated plus maze (EPM) and novel environment to assess levels of anxiety-like behavior, and to restraint stress to determine stress responsiveness. Pre-test plasma corticosterone levels and the response of plasma corticosterone to exposure to the EPM and restraint were analyzed using ELISA. A dexamethasone suppression test was performed to assess negative feedback tone of corticosterone release. Pre-test plasma corticosterone levels were similar between LCR and HCR, and these populations had similar behavioral and corticosterone responses to the EPM.
Introduction
The ability of an organism to perform physical activity is a measure central to its survival. Every aspect of an organism's life, whether it involves pursuing prey, evading predators or engaging in social activities requires some level of physical activity. This capacity to perform physical activity is often termed endurance capacity, and is determined by both genetic (innate or intrinsic) and environmental (trained or extrinsic) factors. As may be expected, multiple physiological and psychological systems influence an organism's endurance capacity, and one of the primary contributors to this measure are the glucocorticoids (Nybo, 2003; Tharp, 1975) . Glucocorticoids (cortisol and corticosterone) are hormones produced by the hypothalamic-pituitary-adrenal (HPA) axis that strongly influence an organism's ability to engage in prolonged physical activity (i.e. its endurance capacity) by promoting the release of energy stores (primarily glucose) to the body (Sellers et al., 1988; Tharp, 1975; Wilmore and Costill, 1994) . The importance of these hormones in determining endurance capacity is demonstrated by the observations that adrenalectomy significantly decreases treadmill endurance scores in rats, and replacement of glucocorticoids restores levels of endurance (Sellers et al., 1988) . By mobilizing energy stores, glucocorticoids enable an organism to physically respond to a stressor (Tharp, 1975) . Complimenting this function, glucocorticoids also stimulate neural systems (e.g. hippocampus and amygdala) that facilitate both the awareness and memory of a stressor (Korte, 2001; Overton et al., 1991; Sauro et al., 2003) . By influencing both the psychological and physiological aspects of a stress response, glucocorticoids allow for coordinated and appropriate responses to environmental stressors.
The relationship between exercise and glucocorticoids is reciprocal: performing physical exercise influences the glucocorticoid system. For example, rats that experience 4 weeks of wheel running express decreased light phase plasma ACTH (the primary secretogogue of glucocorticoids), and increased dark phase basal plasma corticosterone levels (Droste et al., 2003) . Furthermore, exercising rats exhibit dampened ACTH and corticosterone responses to a novel environment (Droste et al., 2003) and restraint stress (Fediuc et al., 2006) , while having more robust corticosterone responses to swim stress compared to sedentary controls. These results, which illustrate both the enhancing and detracting effects of exercise on stress response, demonstrate the complex nature of this relationship and suggest that exercise modulates not only the release of glucocorticoids from the HPA axis, but also the sensitivity of the elements within the HPA axis to stressors.
The relationship between glucocorticoids and stress response is also reflected in the observation that psychological disorders such as generalized anxiety and depression are commonly associated with dysfunctions of the HPA axis (O'Brien et al., 1993) . These diseases involve inappropriate, often exaggerated responses of this system to environmental stressors (Young et al., 2004) . Symptoms of these disorders, including exaggerated stress responses, are often normalized following successful clinical treatment, which includes exercise therapy (O'Brien et al., 1993; Salmon, 2001) . The HPA axis is thought to be one of the systems through which these benefits of physical exercise are mediated (Biddle et al., 2000; Fox, 1999; Salmon, 2001) .
Data from human and animal studies suggest an inverse relationship between the extrinsic (i.e. environmentally influenced) factors of exercise endurance and stress responsiveness, where individuals with higher attained endurance capacity express dampened stress responses. These studies have examined exercise mediated changes in behavior (Binder et al., 2004; Breus and O'Conner, 1998; Brosse et al., 2002; Salmon, 2001) , elements of the HPA axis (Cotman and Engesser-Cesar, 2002; Droste et al., 2003) , central neurotransmitter systems (Dey, 1994; Dishman, 1996; Dishman et al., 2006; Greenwood and Fleshner, 2008) and molecular markers such as BDNF in the central nervous system (Adlard and Cotman, 2004; Cotman and Engesser-Cesar, 2002 ). The intrinsic, or innate, relationship of these traits has not been investigated as thoroughly however. A series of studies that investigates this innate relationship of exercise and stress response uses mice selectively bred for intrinsically high levels of motivation to (as opposed to ability to) exercise (Swallow et al., 1998a) . Mice were selectively bred for an increased motivation to exercise in home cage running wheels (Swallow et al., 1998a) , and exhibited positively correlated changes in VO2max (a measure of exercise endurance; Swallow et al., 1998b) , as well as a more robust response to restraint stress (Waters et al., 2010) . While these studies imply a positive relationship between intrinsic endurance and intrinsic stress responsiveness (i.e., mice that express intrinsically higher levels of exercise endurance also exhibit more robust responses to stress), some experiments using these selected mouse lines do not support these correlations (Rezende et al., 2005) . At any rate, more direct evidence of a relationship between intrinsic endurance capacity and intrinsic stress response is called for.
To directly investigate the nature of an intrinsic relationship between an organism's ability to exercise and its stress responsiveness, we use two populations of female rats that differ in their intrinsic levels of endurance capacity (one with high endurance capacity [HCR] , and one with low endurance capacity [LCR]; Koch and Britton, 2001) . The occurrence of disorders that involve an exaggerated stress response, such as generalized anxiety and depression, is more prevalent in women. Similarly, female laboratory animals exhibit more robust behavioral and physiological responses to stressors (reviewed in Palanza, 2001) . To both facilitate the ability to observe stress responses in our subjects, as well as for the purpose of translating this research to the clinical field, we feel that the use of female subjects herein is appropriate and relevant.
We hypothesize an intrinsic (i.e. innate) relationship between endurance capacity and stress responsiveness that reflects the observed extrinsic (i.e. environmentally influenced) relationship between these traits. In other words, we predict animals with higher innate levels of endurance capacity (HCR) to exhibit decreased stress responsiveness, less anxiotypic behaviors, and dampened corticosterone responses to stressors compared to individuals with innately low levels of endurance (LCR) (Fediuc et al., 2006; Rodgers et al., 1999) . Finally, we predict that HCR rats would exhibit greater pharmacological (dexamethasone) suppression of plasma corticosterone than LCR animals, indicating a higher level of HPA axis tone in the HCR animals (Cole et al., 2000) .
Results
One HCR animal from Group A was removed from basal plasma corticosterone assessments on the basis that it was a statistical outlier (Grubs outlier test). Three animals from Group B (two LCR, one HCR) were excluded from the restraint plus EPM behavior assessment due to a failure of the restraint protocol resulting from human error. Plasma corticosterone assessment from four animals was excluded due to insufficient blood collection: one animal following EPM trial (Group A: one LCR), two animals following restraint (Group B: one LCR, one HCR), and one animal following restraint + EPM (Group B: one LCR).
Basal plasma corticosterone concentration
Basal levels of plasma corticosterone were similar between all cohorts of animals. Neither group designation (A or B) nor selected line (HCR or LCR) affected this measure (mean ±SE-LCR: 255.5 ± 133.81 ng/ml vs. HCR: 220.1 ± 96.03 ng/ml; F 3,45 = 1.164; P >0.335; Fig. 1 ). 
Group

Dexamethasone suppression test
In both HCR and LCR animals, DEX administration suppressed plasma corticosterone concentrations (F 1,20 = 18.157; P < 0.001; 
Group B
Restraint stress + elevated plus maze
Following 1 h of restraint stress and a 24-h recovery period HCR and LCR animals exhibited significant differences in their behavior on the EPM. Low capacity runners spent more time in the open arms (t 19 = 2.222; P < 0.039; Fig. 2c ), less time in the closed arms (t 19 = 2.222; P < 0.039; Fig. 2c ), and entered the open arms more often than HCR animals (t 19 = 2.359; P < 0.029; Fig. 2d ). Time spent in the hub was negligible (1.0 ± 2.36 s [mean ± SEM]). Selection for endurance also affected plasma corticosterone response to restraint + EPM (Line × Sample Time effect; F 2,32 = 3.259; P < 0.05; Fig. 3b ). Post-hoc analysis with Student-Newmann-Keuls revealed that EPM exposure following restraint elicited an increase in plasma corticosterone in HCR animals that was not exhibited by LCR animals.
Novel environment
Low capacity runners exhibited higher levels of line crossing than HCR animals in the novel environment (t 20 =5.302; P < 0.032; Fig. 5a ). Low capacity runners also reared more than HCR animals in this apparatus (t 20 = 14.950; P <0.001; Fig. 5b ). Grooming time did not differ between HCR and LCR animals (t 19 = 0.232; P >0.635; Fig. 5c ).
Discussion
Performing physical exercise increases endurance capacity, and dampens behavioral (Crews and Landers, 1987) and endocrine response (Korte, 2001; Sellers et al., 1988) to mild stressors. As well, a meta-analysis in humans demonstrates a negative relationship between psychosocial stress responsiveness and attained aerobic capacity (Crews and Landers, 1987) . While the majority of these data have been gathered from studies using males, these trends are also observed in female animals (White-Welkley et al., 1995 as well as in women (Loucks et al., 1989) . These studies suggest an inverse relationship between stress response and exercise in both males and females, however the data presented herein suggest an apparent positive relationship between the intrinsic determinants of endurance capacity and stress responsiveness in female rats selectively bred for divergent endurance capacity (Koch and Britton, 2001) . Specifically, these lines exhibited differences in their behavior in the novel environment, and differences in their behavior and corticosterone response to the EPM following restraint stress. These findings suggest that this selection protocol resulted in a divergence in the magnitude of the response of these animals to a novel environment and to restraint stress. Animals from the HCR and LCR populations behaved similarly on the EPM and exhibited similar corticosterone responses to this environment. However, following restraint stress and 24 h of recovery, animals selected for increased intrinsic endurance capacity (HCR animals) spent less time in the open arms of the EPM, and entered this open area less than animals selected for low intrinsic endurance capacity (LCR animals). The 24-h recovery period was chosen to minimize the immediate effects of the stressor on behavior, while maximizing the psychological effects of the restraint (Kavushansky et al., 2009) . Ultimately, our results suggest higher levels of anxiety-like behavior in HCR animals following restraint stress (Hogg, 1996) , suggesting a greater persistent stress response in the HCR animals compared to the LCR animals. Corresponding with these behavioral differences, HCR animals also exhibit a significant increase in plasma corticosterone in the restraint + EPM condition that was not observed in LCR rats, and there was a trend for plasma corticosterone Fig. 1 -Basal plasma corticosterone. Basal plasma corticosterone levels were not different between Groups A and B or between LCR (n = 24) and HCR (n = 23) animals. levels of HCR rats to be higher than LCR rats following restraint + EPM (P < 0.062). This divergence in the magnitude of the behavioral and hormonal responses to the EPM following restraint appears comparable to the changes achieved by direct selection for social anxiety or stress responsiveness in rats and mice (Landgraf et al., 1999) . These include a divergence in anxiotypic behavior on the EPM and glucocorticoid responses to psychological stressors (Benus et al., 1991; Landgraf and Wigger, 2002; Veenema et al., 2003) . The similarity of the behavioral and physiological changes induced by our selective breeding to those of selection programs aimed specifically at manipulating stress responsiveness support a correlation between the intrinsic determinants of endurance capacity and stress responsiveness.
The differences in anxiotypic behavior expressed by these animals are not limited to their performance on the EPM. The novel environment is an established measure of general anxiotypic behavior, and levels of locomotion, rearing and grooming in this paradigm can be used as indices of an anxiety-like state in rats (Courviosier et al., 1996) . Locomotion and rearing are investigative behaviors, and high levels of these behaviors suggest a low anxious state in rodents (Courviosier et al., 1996) . We observed lower levels of locomotion and rearing in HCR animals than in LCR animals, consistent with higher levels of anxiety-like behavior in HCR individuals compared to LCR animals. Interestingly, this difference in locomotion was not observed in behavior on the EPM, as indicated by similar numbers of closed arm entries by the two populations ( Fig. 2b ; Pellow et al., 1985) . The observation that HCR animals responded more robustly to the novel environment than the (unstressed) EPM, in terms of decreased locomotion, suggests that the novel environment might serve as a better paradigm to detect basal differences in anxiety state than the EPM. To our knowledge these are the first data toward this point to be reported. Dexamethasone (DEX) is a synthetic ligand that artificially suppresses endogenous glucocorticoid (i.e. corticosterone) secretion by binding to inhibitory glucocorticoid receptors throughout the HPA axis. Disorders that include exaggerated stress responsiveness as a symptom, such as anxiety and depression disorders are typically associated with a diminished suppressiblility of the HPA axis, a condition termed HPA nonsuppression (Halbreich et al., 1989; O'Brien et al., 1993) . Due to the relationship between stress response and HPA nonsuppression, DEX administration is often used to determine if a dysfunction of negative feedback within the HPA axis is responsible for exaggerations of the stress response. We found that both LCR and HCR animals responded to DEX administration with normal suppression of plasma glucocorticoid concentrations, indicating that both of these populations possess similarly functional negative feedback regulation of HPA activity. We therefore conclude that any physiological differences contributing to the observed differences in corticosterone release and behavior between HCR and LCR groups do not include differences in negative feedback of the HPA system. Data are currently being analyzed that will examine possible differences in monoaminergic activity in select brain regions, including the bed nucleus of the stria terminalis, amygdala, and hippocampus. Monoamine neurotransmitter activity in these brain regions in is known to influence both behavioral responses to stress as well as HPA axis activity (Choi et al., 2007; Emerson et al., 2000; Lourenco Joca et al., 2007; Walker et al., 2003) .
Herein, we suggest an intrinsic relationship between an organism's exercise ability and stress responsiveness that is at odds with the direction of the established relationship between performing exercise and magnitude of stress response. Interestingly, previous data from our lab have demonstrated that HCR rats exhibit lower restraint stress-induced corticosterone responses than LCR rats following chronic physical exercise (however it is important to note that HCR females engaged in significantly more voluntary wheel running activity than LCR females; Waters et al., 2007 ). In the current study, no exercise outlet, such as a running wheel, was available to any rats, and HCR rats exhibited higher restraint stress-induced corticosterone responses than LCR rats (following a 24 h recovery period and EPM). Together, these data suggest a complex interaction of the innate and training effects of exercise ability on stress responsiveness: animals with high intrinsic exercise ability (HCR) exhibit exaggerated responses to environmental stressors, but also experience an enhanced dampening of the stress response following exercise training, compared to LCR females. The intrinsic and extrinsic interactions of exercise with stress responsiveness seem to involve the HPA axis, and suggest the possibility of a heightened exercise induced training effect on this system when an organism expresses intrinsically hypersensitive responses to environmental stressors. To our knowledge, our data are the first to suggest this complex relationship.
In conclusion, our results indicate an intrinsic relationship between endurance capacity and stress responsiveness. This relationship is in a positive direction, and potentially involves the HPA axis, but also higher brain systems such as the hippocampus or extended amygdala. Future studies using these animals will examine monoamine neurotransmitter levels in these and other brain regions that are implicated in regulating HPA activity as well as central neural responses to stressors. These studies will aim to determine if there are inherent neurochemical differences between these populations that could account for the behavioral and hormonal differences that we observe between LCR and HCR animals. 4.
Experimental procedures
Animals
Bi-directionally selected lines were generated from a founder population of 80 male and 88 female NIH stock rats (Hansen and Spuhler, 1984) based on intrinsic aerobic treadmill running capacity, as described in detail previously (Koch and Britton, 2001) . Thirteen families of each line were set up for a within-family rotational breeding paradigm to maintain a heterogeneous genetic substrate within each selected line. The subset of animals used in this study averaged (mean ± S.E.) 1512.1 ± 67.59 m (HCR; n = 24) and 393.2 ± 53.70 m (LCR; n = 24) run to exhaustion. The rats used in the current study were females maintained from LCR and HCR populations of rats from generations 16 (Group A; n = 12 HCR, n = 12 LCR) and 10 (Group B; n = 12 HCR, n = 12 LCR). Groups exhibited similar within line endurance scores. Animals were air shipped to the University of South Dakota (Vermillion, SD) animal facility at 196 days ± 3.1 and 145 days ± 0.4 old for Groups A and B respectively. Rats were group housed (3-4 per cage) in clear plastic Nalge™ cages (43″ × 27″ × 15″) with cedar bedding and wire lids. Animals from Group A and Group B were not cross-housed. Teklad Rodent Diet (8604; Harland Laboratories, Madison, WI) and water were available ad libitum. Rats were maintained on a reverse 12:12 dark/light cycle (dark-08:00-20:00), and bedding, food and water were changed once weekly. Rats were given at least 60 days to acclimate to this environment before testing began. All procedures used in these studies were carried out according to the Guide for the Care and Use of Laboratory Animals, and were approved by the University of South Dakota Institutional Animal Care and Use Committee.
Starting at approximately 255 (255.4 ± 1.53; mean ± S.E.) days of age, all animals were subjected to a series of tests to assess stress responsiveness and anxiety-like behavior (Cole et al., 2000; Hogg, 1996; Korte, 2001 ). The tests administered were the elevated plus maze (EPM) and DEX administration (in stated order) for Group A rats, and the novel locomotion chamber and restraint stress plus EPM (in stated order) for Group B rats. Following all testing procedures, animals were placed in an individual holding cage for 20 min prior to being returned to the home cage. All tests were conducted at least seven days apart to minimize interaction of the tests. Testing was carried out in the animal testing facility at the University of South Dakota between 10:00 and 14:00 h (in the dark phase).
All tests were performed during the diestrous II phase of the estrus cycle. Cycle stage was determined by vaginal cytology. Vaginal lavage was performed on all animals between 0:800 and 0:900 h, once daily for at least 5 days prior to the scheduled testing day to establish a cycling pattern and acclimate rats to this treatment.
4.2.
Animal testing 4.2.1. Group A 4.2.1.1. Anxiety-like behavior in the elevated plus maze. We used a standard elevated plus maze (Actimetrics™, Wilmette, IL) made of opaque plastic, with a central hub (10 × 10 cm) and four arms (50 × 10 cm) extending out horizontally at 90°to each other, to assess differences in anxiety-like behaviors between HCR and LCR groups (Hogg 1996) . Animals were given 5 min to explore the EPM; time spent in the open and closed arms, and the hub, as well as the numbers of entries into each arm were recorded via computer (Actimetrics™ software). The order of testing the two populations of animals was counterbalanced to eliminate order effects, and the apparatus was thoroughly cleaned using 70% ethanol between tests. Following a 20 min recovery period in an individual cage, blood was collected for assessment of plasma corticosterone levels (Sakakura et al., 1976) .
4.2.1.2. Dexamethasone suppression test. To assess negative feedback within the HPA axis, HCR and LCR rats were subcutaneously injected with 50 mg/kg dexamethasone (Sigma, St. Louis, MO), and placed back into their home cages for 90 min (Cole et al., 2000) . As this was the final test performed, they were killed by rapid decapitation and trunk blood was collected for analysis of plasma corticosterone. (Courviosier et al., 1996) .
4.2.2.2.
Response to the elevated plus maze following restraint stress. Animals were subjected to 1 h of restraint stress using an opaque plastic cylinder (6 cm diameter × 20 cm length) capped on one end with wire gauze, and the other with a rubber stopper. Rats were placed into individual cages for 20 min following restraint, after which blood samples were collected. To assess the animal's ability to recover from this stressor, animals were placed on the EPM and allowed 10 min to explore the maze following a 24 h recovery period. Behavior was scored via computer, recording time spent in the central hub, open arms and closed arms, as well as the number of entries into each arm. The order of testing the two populations of animals was counterbalanced to eliminate order effects, and the apparatus was thoroughly cleaned using 70% ethanol between tests. Rats were placed into individual cages for 20 min following the EPM exposure and blood samples were collected. Post-restraint and post-EPM blood samples were assessed for plasma corticosterone levels.
Plasma corticosterone collection and analysis
Animals were restrained, supine on a platform and a heparinized 28.5 G needle and 1 ml syringe was used to draw approximately 0.5 ml of blood from the jugular vein; the entire handling process took less than 90 seconds. Following blood collection, samples were expelled into heparinized 1.5 ml eppendorf tubes and centrifuged. Plasma was drawn off and stored at −80°C until analysis. Plasma corticosterone was measured using a corticosterone enzyme-linked immunoassay kit, following instructions from the manufacturer (R&D Systems, Minneapolis, MN, USA). Assay procedure was performed according to the directions included with the kit. The assay plate was placed into an automated microplate reader (Bio-Tek Instruments, Winooska, VT, USA), and detection of plasma corticosterone was performed by measuring the absorbance of samples at 405 nm (wavelength correction set at 595 nm) with automated plate reader software (KinetiCalc Jr., Bio-Tek Instruments). From the absorbance values obtained from samples, we calculated maximum binding percentage (average 14.8%) and non-specific binding percentage (average 5.2%), both of which were within the manufacturer's range. The detection limit sensitivity of this assay was 27.0 pg/ml. Corticosterone levels obtained from this assay were expressed as ng corticosterone/ml plasma.
Statistical analyses
Pre-test plasma corticosterone levels were compared using a two-way ANOVA (between subject factors-Group × Line). For Group A, behavior of LCR and HCR animals on the EPM was compared using one-way ANOVA. Pre-test plasma corticosterone from LCR and HCR rats was compared to levels following EPM and DEX administration using two-way repeated measures ANOVA (rmANOVA; Line × Sample Time [repeated factor]). Equality of variance was verified for repeated measures data sets using Box's test of Equality of Covariance Matrices (SPSS 18.0). For Group B, behavior of LCR and HCR animals on the EPM following restraint, and in the novel environment was compared using a one-way ANOVA. Pre-test plasma corticosterone levels were compared to levels following restraint and restraint + EPM, using two-way rmANOVA (Line × Sample Time [repeated factor]).
Upon finding significance with two-by-two ANOVA, t-tests were used to determine differences between groups. Upon significant differences with rmANOVA analysis of plasma corticosterone concentration, one-way ANOVA was performed to determine differences between sampling time and line. In the analysis of Group B animals that compared pre-test plasma corticosterone levels to those following restraint and restraint + EPM, a Student-Newman-Keuls posthoc test was run to determine within line effects of sampling time on plasma corticosterone level. Significance was set at α = 0.05 for all tests.
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